Perhaps one of the most undisputed facts in biology is that heritable traits are coded in DNA sequences. However, DNA sequence-based inheritance alone is not sufficient to explain heritable diseases (see Box 1 for definitions of common terms) that cannot be pinpointed to mutations and/or variations in the DNA sequence, and this accounts for a number of diseases associated with modern lifestyles (including obesity and type 2 diabetes mellitus). It is especially difficult to explain the phenomenon that certain life experiences can induce phenotypic alterations in immediate offspring and sometimes across multiple generations in mammals [1] [2] [3] 
This 'missing heritability' problem 4 has stimulated a wave of research that aims to explore the epigenetic mechanisms that could be responsible for intergenerational and transgenerational transmission of certain disease susceptibilities or phenotypes in a non-DNA sequence-based manner and to address how such epigenetic information is altered by environmental social concerns for human health, as similar environmental factors could damage the metabolic health of offspring.
The processes by which environmental information is coded and transmitted inter-generationally via the germline remains unclear. This lack of clarity is partly due to the extensive epigenetic reprogramming process in mammals, which erases most well-known epigenetic modifications such as DNA methylation 13, 14 in the preimplantation embryo and during germline development. Other possibilities, such as histone retention in the process of histone-to-protamine replacement and the role of histone modifications [15] [16] [17] , might contribute to storage of mammalian epigenetic memory from environmental input.
Many correlative studies in mammals (including humans) have suggested that various epigenetic factors, such as DNA methylation, histone modification and RNA, in germ cells (both sperm and egg) could contribute to intergenerational inheritance of environment-induced phenotypes. Moreover, causal evidence has been established in the past 5 years from injection of sperm RNAs (total RNA or a subset of sperm RNAs) from males exposed to various environmental stimuli (such as mental stressors or an unhealthy diet) into healthy zygotes. A number of studies from multiple groups have shown that the injection of sperm RNAs induces offspring phenotypes that fully or partially recapitulate the paternal environmental input, including behaviour changes, obesity and altered glucose metabolism [18] [19] [20] [21] [22] . The unique signature of mammalian sperm RNAs is developmentally and spatially organized and is controlled by genetic and environmental factors 8, 22 . The RNA sequences are decorated by various RNA modifications that have been suggested to form a 'sperm RNA code' to programme specific offspring phenotypes during embryonic development 22 . This process is probably achieved by RNA sequence-specific and/or structure-specific interactions with other RNAs or epigenetic, transcriptional and translational mechanisms in the sperm and early embryo, and these processes should be considered as a direction for future research.
In this Perspectives, we focus on mammalian sperm RNA as an emerging factors and further transmitted via the germline between generations, as extensively reviewed in recent papers [5] [6] [7] [8] [9] . This so-called intergenerational epigenetic inheritance or transgenerational epigenetic inheritance is a tantalizing research direction that has the potential to revolutionize our understanding of the aetiology of many human diseases that originate from environmental factors. In addition to well-known human population-based studies indicating that maternal malnutrition and/or over-nutrition during periconception and the postnatal family environment will lead to metabolic disease in the offspring (such as the Dutch famine effect) [10] [11] [12] , emerging research in animal models from the last decade has further demonstrated that intergenerational and transgenerational transmission of metabolic disorders can originate from a variety of both maternal and paternal environmental factors, including diet, chemical toxicants, endocrine disruptors and mental stressors [1] [2] [3] . These findings might generate widespread medical and Abstract | Mammalian sperm RNA is increasingly recognized as an additional source of paternal hereditary information beyond DNA. Environmental inputs, including an unhealthy diet, mental stresses and toxin exposure, can reshape the sperm RNA signature and induce offspring phenotypes that relate to paternal environmental stressors. Our understanding of the categories of sperm RNAs (such as tRNA-derived small RNAs, microRNAs, ribosomal RNA-derived small RNAs and long non-coding RNAs) and associated RNA modifications is expanding and has begun to reveal the functional diversity and information capacity of these molecules. However, the coding mechanism endowed by sperm RNA structures and by RNA interactions with DNA and other epigenetic factors remains unknown. How sperm RNA-encoded information is decoded in early embryos to control offspring phenotypes also remains unclear. Complete deciphering of the 'sperm RNA code' with regard to metabolic control could move the field towards translational applications and precision medicine, and this may lead to prevention of intergenerational transmission of obesity and type 2 diabetes mellitus susceptibility. 
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NATuRe RevIeWS | ENDocRINoloGy hereditary information carrier that regulates the metabolic health of offspring and discuss the evidence and logic behind the concept of the sperm RNA code with regard to its composition, regulation and information capacity. We also discuss how the RNA code in sperm might be decoded in the early embryo and transformed into other molecular signals to influence embryonic development and offspring phenotypes. In the face of the current obesogenic environment and the pandemic of diabetes mellitus, a comprehensive understanding of the sperm RNA code and its functional specificity could set the stage for translational applications in precision medicine that aim to prevent these metabolic disorders.
The making of the sperm RNA code Before it is possible to establish the concept of the 'sperm RNA code' , and to fully decipher its function in sensing the paternal environment and the programming of offspring phenotypes, several levels of evidence are needed. First, we need evidence that shows that the composition and structure of sperm RNAs are regulated by environmental or genetic signals in response to paternal exposure. Second, we need evidence that supports the mediation of offspring phenotypes either by the compositional signature or the stoichiometry of sperm RNA subpopulations. Third, we need to identify the functional diversity and specificity of sperm RNAs, which might be based on the compositional, stoichiometric and/or amplification effects of sperm RNA, with defined working mechanisms. So far, the body of evidence is not complete, but emerging data have begun to support the overarching hypothesis by demonstrating the role of the sperm RNA code in programming offspring phenotypes based on the signature of sperm RNA expression and RNA modification profiles.
Diverse types of sperm RNA. Although sperm RNAs were once considered simple remnant products of spermatogenesis, emerging data from multiple groups provide compelling evidence that they are in fact dynamically regulated during development and are spatially compartmentalized at the mature stage [23] [24] [25] (Box 3).
According to previous RNA-sequencing data, the small RNA population in mature mouse sperm is dominated by tRNA-derived small RNAs (tsRNAs) 18, 24, 26 , and a smaller population of microRNAs (miRNAs) and Piwi-interacting RNAs, as well as an appreciable amount of ribosomal RNA (rRNA)-derived small RNAs (rsRNAs) that were only systematically discovered following the advent of improved bioinformatic pipelines in the past 2 years 22, 27, 28 . Mature sperm also contains various populations of large RNAs, including mRNAs, long non-coding RNAs and circular RNAs, and the list of sperm RNA subtypes could continue to grow with improved sequencing methods and analytical power.
The composition of the sperm RNA population could differ slightly in other mammals 29, 30 , but among the known mammalian species, the composition of RNA in mature sperm are all distinct from that in somatic cells or spermatogenic cells found in the testes, which suggests that RNA in mature sperm has unique functions. The potential interactions between different RNA species in sperm could synergistically generate the level of complexity needed to achieve functional diversity and specificity in regulating complex biological processes 31 , such as optimizing early embryonic development 32, 33 or transmitting paternal traits to offspring [18] [19] [20] [21] . We discuss these aspects in more detail later in the article.
RNA modifications increase complexity.
In addition to the sequence diversity of sperm RNAs, various RNA modifications in sperm RNAs were identified in 2016, and identification of these modifications 490 | AuGuST 2019 | volume 15
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Box 1 | Glossary terms
• Heritable diseases: diseases inherited from one generation to another through genetic or epigenetic regulation.
• missing heritability: the phenomenon that single genetic variations cannot account for much of the heritability of diseases, behaviours and other phenotypes.
• Intergenerational or transgenerational epigenetic inheritance: the transmission of heritable information across two (F0 to F1) or more than two generations (F0 to F2 and beyond) without alteration of DNA sequence.
• Disease susceptibilities: conditions of the body that tend to make the individual more than usually susceptible to certain diseases.
• Precision medicine: a personalized medicine tailoring of medical treatment to the individual characteristics of each patient.
• Spermatogenesis: the biogenesis of haploid spermatozoa from germ cells in the seminiferous tubules of the testes.
• epididymis: a curved structure at the back of the testicle where sperm maturation takes place that can be divided into three main sections: the proximal (caput), middle (corpus) and distal (cauda) parts.
• extracellular vesicles: cell-derived membrane-enclosed vesicles that contain proteins, lipids and nucleic acids.
• Queuosine: a hypermodified 7-deazaguanosine nucleoside located in the anticodon wobble position of certain tRNAs, which cannot be synthesized de novo in eukaryotes.
• RNA-editing events: the insertion, deletion and base substitution of nucleotides within the edited RNA molecule.
• RNA G-quadruplexes: RNA helical structures formed by Hoogsteen hydrogen-bonded guanine tetrads that involved by one, two or four RNA strands.
• RNA-dependent RNA polymerase: an enzyme that catalyses the replication of RNA from the RNA template.
• Histone marks: the post-translational modification of histone proteins, including methylation, phosphorylation, acetylation, ubiquitylation and sumoylation.
• Haploinsufficiency: a diploid organism that has lost one copy of a gene and is left with a single functional copy of that gene.
• Transposon elements: DNA sequences that can change their locations within a genome, including retrotransposon and DNA transposon.
• Parthenogenetic embryo: an embryo that developed from an oocyte without fertilization.
• Ribosome heterogeneity: ribosomal subpopulations that preferentially translate distinct sub-pools of mRNAs to exhibit a functional specificity.
• Symmetry breaking: the transition process from symmetry towards asymmetry by small fluctuations occurring in the system. • Third-generation RNA sequencing: characterized as single-molecule sequencing, which is able to determine both the sequence and modifications of the RNA molecules and avoid amplification biases.
• machine learning: the process by which a computer learns from data and adjusts to new inputs to recognize patterns and to accomplish specific tasks.
• Watson-Crick base-pairing interactions: the most basic nucleotide recognition principle of the base pair, where guanine (G) is bound to cytosine (C), and adenine (A) is bound to thymine (T) or uracil (u) by hydrogen bonds that permit the formation of double-stranded helices in DNA and RNA.
has revealed new dimensions of complexity regarding RNA structural and functional diversity 18, 22 . High-throughput quantitative approaches powered by liquid chromatography-tandem mass spectrometry (LC-MS/MS) have revealed that different sperm RNA fractions contain distinct profiles of RNA modifications. For example, the 30-40 nucleotide RNA fraction, which is dominated by tsRNAs and rsRNAs, contains markedly more RNA modifications than the 15-25 nucleotide RNA fraction, which is enriched in miRNAs 18, 22 . The differences in the level of RNA modification could reflect the fact that tsRNAs and rsRNAs are derived from tRNA and rRNA precursors, respectively, which are known to harbour a plethora of RNA modifications, many of whose biological functions are just beginning to be revealed 34, 35 . RNA modifications have been reported to increase overall sperm RNA stability and thus might prolong their function after entry into the oocyte after fertilization 18 . This effect could be related to the influence of RNA structures mediated by specific RNA modifications. A 2018 study revealed that adding or removing 5-methylcytosine (m 5 C) at a specific site on tsRNA can alter its secondary structure, changing the resistance of tsRNA to RNase digestion. This change in RNA structure is also correlated with altered biological functions that differentially affect cell transcriptomic profiles 22 . In another study, pseudouridine (Ψ, an isomer of the nucleoside uridine (U)) on tsRNAs was found to contribute to the binding potential between tsRNAs and specific proteins in the translational initiation complex, and thus to affect global translational efficiency 36 . Some RNA modifications, such as N1-methyladenosine (m . The site-specific distribution of these modifications on sperm RNAs is expected to not only alter RNA structures and RNA-RNA interactions, but also RNA binding potential to DNA and proteins, which could in turn increase the information capacity (for example, in regulating metabolism) of sperm RNAs beyond primary sequences. Considering that one tsRNA can carry multiple site-specific RNA modifications, it is notable that to date no study has isolated a single tsRNA or other small RNA (either from sperm or other tissue) to thoroughly study its whole RNA modification profile. In addition, different micro-species of a single tsRNA with different modification levels could exist 31 . This newly appreciated complexity of sperm RNA modification suggests that our understanding of the nature of sperm RNA remains preliminary; however, this vast complexity might serve as the very source of regulatory information that generates the specificity of the sperm RNA code. 18, 22 . HFD in mice also elevates the expression of a tRNA methyltransferase, Dnmt2, in the caput epididymis 22 , which is the region where sperm undergo maturation and can acquire their small RNA content 25, 26 . Deletion of Dnmt2 in mice abolishes the ability of sperm RNA to transfer HFD-induced paternal metabolic disorders to offspring. This change could be due in part to the influence of RNA modification (m 5 C or m 2 G) in the 30-40 nucleotide sperm RNA fraction under an HFD and to alterations in sperm small RNA expression profiles 22 . In another mouse model, it was found that genetic deletion of Kit at one allele results in accumulation in the sperm of abnormal transcripts from the Kit locus, an effect that is associated with the murine 'white-tail phenotype' , which is an indicator of Kit gene disruption 40 . The injection of heterozygotic sperm RNAs that contain the abnormal Kit RNA fraction into zygotes results in wild-type offspring that express the white-tail phenotype in mice 40 , whereas injection of sperm RNAs from DNMT2-negative Kit heterozygotes does not induce such a phenotype 41 . Moreover, in an insect (red flour beetles) model of transgenerational immune priming, in which paternal exposure to a non-lethal dose of bacteria protects the offspring against a potentially lethal dose of the same pathogen, it was found that paternal lack of DNMT2 attenuates the transgenerational immune priming effect and increases offspring susceptibility to bacterial infection 42 . This converging evidence suggests that DNMT2 might be critical in establishing sperm RNA-mediated offspring phenotypes in multiple models across species, probably due to its evolutionary conservation 43 . Mechanistically, the function of DNMT2 has now been linked with tsRNA and rsRNA biogenesis in sperm. DNMT2 is known to catalyse m 5 C at position C38 of a few types of tRNA, increasing their stability. The loss of C38 m 5 C due to Dnmt2 deletion makes the tRNAs unstable and inclined to be cleaved at the anticodon region, generating more tsRNAs 43, 44 . This effect has been found to be highly conserved in flies 45 , as well as in testes and mature sperm in mouse models with Dnmt2 knockout 45, 46 . Dnmt2 deletion alters sperm tsRNA composition, and this might explain the disruption of sperm RNA-mediated intergenerational transmission of phenotypes in different models. Interestingly, deletion of DNMT2 volume 15 | AuGuST 2019 | 491 NATuRe RevIeWS | ENDocRINoloGy P e r s P e c t i v e s
Box 2 | Inheritance of complex traits from ancestral environmental stressors
The coding of complex traits, such as metabolic disorders, stress behaviour, drug addiction and thermal adaptation, is believed to go beyond simple protein-coding DNA sequences. Instead, coding is proposed to involve multiple layers of codes such as DNA methylation, histone marks and RNAs that synergistically dictate the expression of series of genes with spatiotemporal precision. While the inheritance of these complex traits might have a genetic basis 4 , certain traits have also been found to be modified by parental environmental input and can be intergenerationally, or transgenerationally (more rare in mammals than in yeast, flies and worms), inherited by offspring in a process that most likely involves epigenetic mechanisms. In addition to effects such as adverse metabolic health induced by both unhealthy parental diets [1] [2] [3] and toxicants (such as arsenic 95 ), the inheritance of some environmentally induced traits can be very specific, such as sensitivity to particular odours 96 . A recent study in 2018 also showed that cold exposure of males before mating results in enhanced metabolism in male offspring that protects them from diet-induced obesity 97 , suggesting an adaptive nature. In another study, inheritance of cocaine-seeking behaviour in rats was elicited by voluntary paternal cocaine administration, but not by high paternal intake of cocaine itself 98 . These results suggest very specific intergenerational transmission of brain-elicited changes beyond simple drug exposure, which may involve (heritable) information flow from somatic to germ cells.
in mice also downregulates sperm rsRNA biogenesis 22 , most probably independently of its RNA methylation function, as deletion of Dnmt2 does not cause hypomethylation of m 5 C on rRNAs 47 . Of note, however, the underlying mechanism by which DNMT2 regulates rsRNAs, remains unknown and further investigation is warranted.
Interestingly, queuine, which is a nutritional component derived from food or microbiome, is required as a substrate for tRNA queuosine modification, and the levels of queuosine-modified tRNA (Q-tRNA) promote DNMT2-mediated m 5 C on tRNA 48, 49 . Indeed, nutritional deprivation of queuine in germ-free mice and human cancer cells results in abnormal tRNA-Asp methylation (m 5 C) and protein biogenesis due to altered translational speed 48 . In addition, queuine depletion has been shown to increase the expression level of tsRNA upon cellular stress 50 , which might also relate to m 5 C deficiency-induced tsRNA accumulation. The increase in the expression level of tsRNAs might further control translational machinery in a multitude of ways 51 . In addition, the mouse microbiome can strongly affect host N6-methyladenosine (m 6 A) mRNA modification (m 6 A is an abundant modification in mRNA that regulates multiple aspects of mRNA metabolism 34 ) in a tissue-specific manner, by altering the expression of m 6 A writer and eraser proteins 52 . These intriguing lines of evidence suggest the existence of a complex interplay that links food intake and the gut microbiome to RNA modifications. These data suggest that this interplay might also be involved in regulating the composition of sperm tsRNA, although further evidence to confirm this hypothesis is awaited.
In addition to DNMT2, another enzyme related to RNA-editing events, APOBEC1, has been reported to contribute to transgenerational inheritance of susceptibility to testicular germ-cell tumours in mice 53 . The contribution of Apobec1 to transgenerational inheritance might be related to altered sperm RNA profiles and RNA structures. The list of enzymes that might affect the sperm RNA signature is expected to expand in the coming years, especially with regard to enzymes associated with RNA modifications (such as NSUN2 and PUS7) and tRNA and/or rRNA metabolism 34 . Understanding how these enzymes are regulated by various types of paternal environmental exposure could hold the key to further deciphering the environmental-genetic interplay that shapes the sperm RNA code. ) . RNAs in sperm could be selectively retained from spermatogenesis. It has been shown that most large RNAs (>200 nucleotides) are enriched in, or attached with the sperm outer membrane, including mRNAs, fragmented ribosomal RNAs (rRNAs) and RNAs derived from repeat sequences such as lINes 23 . Removal of the outer membrane with detergent results in an approximately two-thirds reduction in total sperm RNA 23 . on the other hand, some RNA species, such as tRNAderived small RNAs (tsRNAs) and microRNAs (miRNAs), can be deeply imbedded in the sperm nucleus, since RNA sequencing of detergenttreated sperm heads has shown the clear presence of tsRNAs and miRNAs 24, 99 . In addition, certain RNAs can hybridize with nuclear DNA by forming highly structured RNA-DNA complexes, and they could be more difficult to isolate during RNA extraction. These RNAs might be involved in chromatin repackaging during spermatogenesis 100 or in protamine-histone exchange at fertilization. The sperm tail also contains tsRNAs, miRNAs and relatively more Piwi-interacting (piRNAs) than the sperm head 25 . extra piRNAs in the tail might be derived from the residual cytoplasmic droplet as remnant of spermatogenesis. While mature sperm are generally believed to be transcriptionally silent, mitochondria could retain certain transcriptional activities 101 ; some RNAs such as tsRNAs and rRNA-derived small RNAs, could be generated by de novo cleavage from precursor tRNAs or rRNAs and to fine-tune the sperm RNA reservoir 22 . In addition, sperm might also acquire RNA from extracellular vesicles from the male or female reproductive tract via membrane fusion 25, 102 , which would support Charles Darwin's Pangenesis hypothesis (1868) as a way to enable information flow from somatic to germ cells 103 and to transfer environmental information (such as changes to diet 26 ) to germ cells. 33 have demonstrated that overall disruption of sperm RNA integrity can cause abnormal early embryonic development.
Extracellular vesicle

Sperm tail
Sperm have been found to show dynamic changes in the composition of small RNAs with tsRNA fractions increasing during the transition from the testis to the caput (proximal) epididymis and to the cauda (distal) epididymis 24, 25 . A recent study in mice using intracytoplasmic sperm injection (ICSI) of sperm extracted from different segments of the epididymis (caput versus cauda) showed that immature caput sperm cannot generate viable pups owing to abnormal embryonic development. The authors showed that embryo lethality could be rescued by supplementation with 18-26 nucleotide RNAs (mostly miRNAs with some tsRNAs and rsRNAs) extracted from cauda epididymal extracellular vesicles 56 , which suggests a stage-specific function of RNAs during sperm maturation. Another study, however, has shown that ICSI of caput sperm can generate viable pups 57 . The discrepancies in these findings might be the result of different experimental procedures, and further clarification is awaited.
In addition to the overall effect of sperm RNAs on embryonic development, sperm RNAs can carry environmental information and transmit certain phenotypes from paternal environmental exposure to offspring. For example, zygotic injection of sperm total RNA extracted from male mice exposed to HFD 18 or a high-fat, high-sugar diet (HFSD) 20 induces offspring phenotypes that partially or fully mimic the paternal metabolic phenotype. In the HFD exposure mouse model, further examination of the functional sperm RNA fraction through separate injections of different sizes of sperm RNAs (15-25 nucleotides, 30-40 nucleotides and >40 nucleotides) revealed that only injection of the 30-40 nucleotide RNA fraction could efficiently mimic injection of total sperm RNA; that is, to transmit impaired glucose tolerance but not insulin resistance 18 , while in the HFSD model, injection of total sperm RNA induced both impaired glucose tolerance and insulin resistance 20 . In addition to the potential discrepancies in experimental procedures, the different metabolic phenotypes induced by sperm RNA injection might represent differential dietary effects on sperm RNA composition, as HFSD is known to induce more severe metabolic disorder than HFD 58 . Additionally, in a recent 2019 study using a maternal HFD (MHFD) in mice, it was found that zygotic injection of tsRNA-enriched sperm RNA fraction (30-34 nucleotides) but not other RNA fractions (40-45 or 70-79 nucleotides) extracted from the F1 male (the immediate offspring from the MHFD mother), induced enhanced hedonic behaviours (such as overconsumption of palatable food and alcohol preference) and a metabolic phenotype (obesity and glucose metabolism) in the resultant F2 generation 59 . Together, these findings suggest functional specificity of the sperm RNA code, in which different environmental inputs can determine different outcomes, and that environmental information can be encoded in a specific fraction of sperm RNAs, especially in tsRNAs (Fig. 1) .
Another line of evidence in mice has shown that zygotic injection of the sperm total RNA extracted from mentally stressed fathers (unpredictable maternal separation combined with maternal stress) can induce behavioural and metabolic alterations reminiscent of the fathers in the F1/F2 mice offspring 21 . However, compared with total RNA injection, further separation and injection of fractions of either long (>200 nucleotides) or short (<200 nucleotides) sperm RNAs in this stress model induced only sub-phenotypes. More specifically, injection of long RNAs affected food intake, the glucose response to insulin and risk-taking tendencies, while the small RNA fraction affected body weight and behavioural despair during the forced swim test 19 . Importantly, unlike intact RNAs, fragmented long RNAs (fragmented by ultrasonication) do not induce embryonic transcriptome changes after zygotic injection 19 , which suggests that the specific [5] [6] [7] [8] [9] . Small RNA-mediated DNA methylation in plants 7 and small RNA-mediated histone modification in worms 60 and yeast 61 have been shown to effectively enable transgenerational gene regulation. In these models, the exertion and maintenance of the effects of RNAs involve either amplification of initial small RNAs via RNA-dependent RNA polymerase (RdRP) in plants and worms 7, 60 or a positive feedback loop between small RNAs and histone marks as implicated in yeast 61 -the positive feedback in yeast might also involve the function of RdRP 62 . In fly models in which the RdRP system is not found, the paternal diet can transmit obesity and metabolic disorder intergenerationally by altering the chromatin state 63 . Interestingly, in these fly models, disruption of an H3K9 methyltransferase, SetDB1, prevents heterozygotic male flies from transmitting paternal diet-mediated obesity in both mutant and wild-type offspring, suggesting the involvement of trans-acting molecules such as RNAs (carried by the wild-type sperm) 63 . Similarly, in a mouse model, paternal haploinsufficiency of Setdb1 can trigger a trans-acting signal that affects the penetrance of a well-established coat-colour phenotype 64 , which is regulated by the DNA methylation level of intracisternal A particle retrotransposon-controlled agouti viable yellow (Avy) 65 . These converging data are thought-provoking, as it has been demonstrated that the deletion of SetDB1 in mouse embryonic stem cells triggers elevated expression of tsRNAs, which play an active role in silencing transposon elements 66 . Additionally, deletion of Dnmt2 or Nsun2 in flies has been found to affect the accumulation of transposon elements 67 , which could also be associated with the enhanced biogenesis of tsRNAs. The engagement of tsRNAs to regulate transposon elements in cells where retrotransposon activation takes place (such as plant pollen grains and mammalian pre-implantation embryos) may involve various mechanisms and has been discussed in other papers [68] [69] [70] . All these studies suggest highly integrated synergism among sperm RNAs, histone marks, DNA methylation and transposon elements in transmitting specific paternal phenotypes. A related question that needs answering is whether the deletion of Setdb1 can prevent intergenerational transmission of the paternal HFD effect in mice, as has been found in the fly. In addition, whether this process might involve sperm tsRNAs is intriguing, as the answer may set the stage to establish a general principle by which tsRNAs and histone marks interact with each other to intergenerationally relay environment-induced traits in multiple species.
In mammals, in which the RdRP system has not been found (with the rare exception that a RdRP gene has been found hidden in the genome of certain bat species encoded by endogenous bornavirus-like L elements 71 ), it remains unknown whether any sperm RNAs can be directly amplified or initiate RNA-histone feedback in the early embryo to generate prolonged effects. Interestingly, small RNA sequencing of stage-dependent mouse preimplantation embryos has revealed a surge of tsRNAs at the eight-cell stage. These eight-cell stage embryos have a tsRNA composition similar to that of sperm tsRNAs 72 . We are still unsure whether these data suggest self-induction of the initial sperm tsRNA input, and if they do, we need to find the trigger and investigate the biological meaning of such a signal.
It has also been shown that the distribution pattern of H3K4me3, a histone mark, in sperm is initially removed in zygotes, but is re-established in both paternal and maternal chromosomes at the late two-cell embryo stage 73, 74 . This finding suggests that paternal information in the form of sperm H3K4me3 is recorded and inherited. It would be very interesting to investigate whether the reconstruction of the sperm H3K4me3 pattern in the embryo is related to sperm RNAs, and whether these histone marks are the signal triggering tsRNA expression during later embryonic stages (Fig. 2a) . In the human embryo, the mechanism of re-establishment of nucleosomal chromatin domains may involve different histone marks but also needs the information input from the sperm 75 , with a possible contribution from sperm RNAs as well. It is a tantalizing question as to how the sperm RNA code can interact with the histone code throughout embryo development; part of this question can be tested through experiments using parthenogenetic embryos.
Regulating ribosomal machinery and translational specificity? In addition to potential interactions with DNA methylation, histone marks and transposable elements, sperm RNAs may amplify their effects in other ways, if they are not themselves amplified. tsRNAs have been found to interact with translational machinery and ribosome biogenesis, for example binding with translational initiation factors (facilitated by RNA modifications and RNA structure) and Ago-dependent or Ago-independent regulation of ribosomal protein mRNAs with sequence specificity 51 . In addition, exciting discoveries during the past 5 years have revealed that alterations in ribosomal protein composition endow the ribosomal machinery with different selectivity for translating sub-pools of mRNAs (referred to as ribosome heterogeneity), including those that control metabolism and development 76, 77 . These converging findings have led to the hypothesis that modified sperm tsRNAs might reprogram the embryonic metabolic state by targeting specialized ribosomes, thus biasing the trajectory of embryonic development 76 . In other words, paternal environmental information in the form of the sperm RNA code might be transformed into an embryonic 'ribosome code' that generates translational specificity to define the metabolic phenotype of the offspring (Fig. 2b) .
Cascade effects of metabolic state and the role of metabolites. Zygotic injection of sperm RNAs extracted from HFD-treated fathers can induce altered transcription of metabolic gene pathways in both early embryos and offspring tissues in mice 18 , but how this altered metabolic transcriptional cascade penetrates the whole developmental process remains unknown. One explanation could be that once a biased metabolic state is triggered in the early embryo, it might alter metabolites or mitochondrial function to further trigger a chain reaction that continuously influences the metabolic state. The chain reaction could possibly act via epigenetic feedback to the nucleus, as many central metabolites, such as S-adenosyl methionine and acetyl coenzyme A, are known substrates to be incorporated into chemical modifications in DNA and histones 78 ( Fig. 2c) . This 'butterfly effect' scenario might be particularly true in the mammalian early embryonic system, as initial small biases between blastomeres have been shown to be used to facilitate symmetry breaking through crucial transcriptional and epigenetic factors that are differentially expressed between volume 15 | AuGuST 2019 | 495 NATuRe RevIeWS | ENDocRINoloGy P e r s P e c t i v e s . At certain genomic loci, the H3K4me3 pattern in sperm is initially removed in zygotes but re-established in both paternal and maternal chromosomes from the late two-cell embryo stage 73, 74 . It would be interesting to explore the causal relationship between tsRNAs and the H3K4me3 pattern in sperm and embryo. b | The hypothesis of tsRNA-mediated ribosome heterogeneity that generates biased translational specificity towards different pools of mRNA subpopulations. c | A hypothetical scenario to explain how the initial abnormal metabolic transcriptome induced by sperm RNA can be maintained throughout embryo development. This could be triggered by a self-amplifying loop of abnormal metabolic transcriptome, metabolites and epigenome during embryo development. Acyl-CoA , acetyl coenzyme A ; HFD, high-fat diet; SAM, S-adenosyl methionine. blastomeres 79, 80 . This amplification system might be similarly 'hijacked' under a specific paternal environment to amplify the initial regulatory networks that programme an abnormal metabolic state throughout embryonic development to affect offspring metabolic health (Fig. 2c ).
Application and precision medicine
Aside from understanding the nature of the sperm RNA code with regard to programming offspring phenotypes to satisfy scientific interest, perhaps an equally important mission is to control offspring health by harnessing this code. Interestingly, it seems that the metabolic state in animals is particularly vulnerable to a variety of environmental inputs. For example, in addition to an unhealthy diet, parental exposure to a range of endocrine-disrupting chemicals (EDCs) and other toxicants such as arsenite can cause metabolic disorder in the parental generation, and such phenotypes can be transmitted to the offspring 2 . Under these circumstances, it is conceivable that certain crucial regulatory elements (such as RNAs and histone marks) in the sperm, oocyte or embryo can be disrupted by different causes but similarly lead to metabolic disorders.
Previous studies have indeed found that paternal exposure to EDCs (vinclozolin or DDT) can cause changes in sperm RNA (for example, miRNAs and tsRNAs) and that some changes can persist in the sperm of offspring 81, 82 ; however, whether the alterations in sperm RNA are the cause of offspring metabolic disorders remains unknown due to a lack of functional studies. It would be interesting to compare sperm RNA profiles and RNA modifications under different paternal environmental exposure scenarios that similarly cause offspring metabolic diseases in a well-controlled laboratory setting. Such an experiment could help reveal the essential sperm RNA signature that causes the altered metabolic outcome, thus generating fundamental knowledge for future therapeutic interventions. For example, the sperm RNA signature could be used as a clinical marker of offspring metabolic disease susceptibility. In addition, as human sperm RNA profiles are known to be efficiently altered by improved body condition 1, [83] [84] [85] , the signature could be monitored before a planned pregnancy and clinical guidance (such as improvements to lifestyle) could also be introduced if necessary to reshape the sperm RNA code towards a healthy condition (Fig. 3) . Moreover, synthetic modified RNAs might be designed and used to counteract adverse conditions or improve metabolic performance in livestock.
Caution, however, should be exercised when applying this RNA-based information, as the current RNA sequencing protocol generates biased results. This bias is due to the fact that some RNA modifications interfere with library construction processes such as adaptor ligation and reverse transcription 44 . Furthermore, RNA secondary structures, such as RNA G-quadruplexes 86 and RNA-RNA interactions, might further impede acquisition of a holistic picture of the sperm RNA profile. New sequencing methods are expected to overcome these difficulties. In particular, future development of third-generation RNA sequencing platforms (such as PacBio or Oxford Nanopore) could provide a unique opportunity to simultaneously obtain both RNA sequences and RNA modification information at base resolution 87 . Such advances are expected to allow resolution of the sperm RNA code with unprecedented precision and will facilitate translational applications using this quantitative information (Fig. 3) .
Conclusions
The research community is beginning to accept the existence of additional biological codes beyond the protein-coding DNA sequences. The discovery of additional codes for biological traits, such as histone code and RNA code, is exciting but also introduces tremendous challenges. The traditional DNA code is linear and encodes how DNA is transcribed into mRNA and translated into protein. Additional codes, however, such as the RNA code discussed in this Perspectives, regulate the on-and-off switches of DNA code in space and time to generate gene products (that is RNA and protein) in an exact order, which involves information in 3D and 4D that is required to organize biological processes with precision 88, 89 . As we have discussed in this article, emerging evidence has begun to show the versatility and specificity of the sperm RNA code in programming offspring phenotypes, such as metabolic performance. The complexity of this RNA code, however, is obvious. It contains multiple layers of information, including its sequence, modifications and secondary structure, not to mention its interactions with environmental, genetic and epigenetic factors. The possible permutations, and thus the information capacity endowed by this complexity, could be astronomical 31 . However, given the fast-evolving capacity of technology to simultaneously analyse multiple layers of information in single cells, such as DNA, transcriptome, epigenome and chromatin structure information 90, 91 , and to decipher interactions among different levels of information, including RNA-DNA and RNA-chromatin interactions 92, 93 , along with the equally fast-evolving power of machine learning 94 , it is highly likely that we will be able to crack these new biological codes at the most fundamental level and to understand the nature of inheritance with unprecedented insight.
